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The v’ = 0 progressions of the C — X and A — X band systems of
nitric oxide dominate the middle-UV spectrum of the night-time
upper atmospheres of the Earth, Mars, and Venus. The C(0) —
A(0)+hv radiative transition at 1.224 um, the only channel effec-
tively populating the A(0) level, must therefore occur also. There
have been, however, no reported detections of the C(0) — A(0)
band in the atmospheres of these or any other planets. We
analyzed all available near-infrared limb observations of the dark-
side atmosphere of Venus by the Visible and Infrared Thermal
Imaging Spectrometer (VIRTIS) instrument on the Venus Express
spacecraft and found 2 unambiguous detections of this band at
equatorial latitudes that seem to be associated with episodic
events of highly enhanced nightglow emission. The discovery of
the C(0) — A(0) band means observations in the 1.2-1.3 um region,
which also contains the a(0) — X(0) emission band of molecular
oxygen, can provide a wealth of information on the high-altitude
chemistry and dynamics of the Venusian atmosphere.

he luminescence that results from exothermic chemical

reactions between the constituents of a planetary atmo-
sphere is customarily termed the night airglow or, simply, the
nightglow (1). Although possibly present all day long, it appears
most distinctly at night when the other processes of atomic and
molecular excitation that depend directly on the action of the
Sun are not at play and the diffuse radiation of solar light is at
its minimum. The nightglow may originate from various, possibly
minor, atmospheric constituents and provides insight into the
chemistry, composition, temperature and energy balance of the
atmosphere of a planet.

The C1 — X1 and 423" — XI1 band systems of nitric oxide
(often referred to as the & and vy bands, respectively) have long
been known in the upper-atmospheric nightglow of the Earth (2,
3) and Venus (4, 5). More recently, they have also been reported
in the atmosphere of Mars (6). A common structure, caused by
the v/ = 0 progression of the aforementioned systems, charac-
terizes the night-time middle-UV spectrum of all 3 planets.
Separately and in combination with other nightglow emissions,
observations of the nitric oxide nightglow have been used to infer
details of the odd-nitrogen chemistry and dynamics in the
emitting atmospheres.

In the dayglow, resonance scattering of solar photons from
ground-state nitric oxide gives rise to additional 4 — X (v’ = 0)
bands that have been observed on the sunlit side of the Earth (7)
but that remain undetected in the atmospheres of Mars and
Venus. On Mars, and expectedly also on Venus, the emission of
the a3I1 — X'3, system of carbon monoxide is likely to mask the
nitric oxide A — X dayglow (8). The fluorescence efficiency of
the C state is low for v = 0 and negligible for v>0, presumably
due to rapid predissociation (9-12). Day-time observations of
the terrestrial atmosphere have found weak C — X (v' = 0)
bands, which have been attributed to resonance scattering
(13-15), although there are significant uncertainties (16).

Nitric Oxide Deactivation Branching Ratio

The C(0) level is readily formed by inverse predissociation in the
laboratory recombination of unexcited nitrogen and oxygen
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atoms (17, 18). The close match between laboratory spectra and
nightglow spectra indicates that this is also the mechanism at
work in the night-time upper atmosphere.

The C(0) — X(v") progression constitutes 1 deactivation
channel for the electronically excited molecule. The other im-
portant deactivation channel is C(0) — A(0), the production of
A(v>0) being effectively precluded by Franck—Condon factor
considerations (18). The subsequent A4(0) — X(v") progression,
together with the C(0) — X(v") progression, eventually lead to
a hot vibrational population in the ground state of the molecule
that may be detectable through its middle-infrared emission
spectrum (19). At the low pressures in the nightglow region of
the atmosphere, collisional quenching of C(0) and 4(0) is very
inefficient. In the absence of other effective production chan-
nels, the production of 4(0) is therefore dictated by radiation
from C(0). In turn, this implies that, in the nightglow, the
emission rates for the C(0) —.A4(0) and 4(0) — X(v") transitions
are the same, and that the ratio of the emission rate for C(0) —
A(0) to the sum of the emission rates for C(0) — X(v") and
C(0) — A(0) is constant. Estimates of this branching ratio based
on laboratory, theoretical, and observational investigations lie in
the range 0.21—-0.41 (9, 20-26). Some of these studies were
adversely affected by contamination or by uncertain calibrations,
S0 a consensus on a precise value has not yet been reached.

Our analysis of the spectrum of both UV progressions pub-
lished recently (27) provides a new observational determination
of the branching ratio. We digitized the published spectrum
obtained by the spectroscopy for investigation of characteristics
of the atmosphere of venus (SPICAV) instrument on Venus
Express and fit it with synthetic spectra produced with the
simulation software LIFBASE (28). The quality of the fit is very
satisfactory, even for the weaker bands, as can be seen in Fig. 1.
Our best fit leads to a branching ratio of 0.32.

Near-Infrared Nitric Oxide Band

Although laboratory experiments show that the C(0) — A(0)
band should be present along with the C(0) — X(v") and A(0) —
X(V") progressions, emission in the C(0) — A4(0) band has never
before been observed in the atmospheres of the Earth, Mars,
Venus, or of any other planet. The C(0) —.A4(0) band comprises
P, O, and R main branches, with the lines of the stronger Q
branch building up at ~1.224 um and those of the P and R
branches spreading on either side toward longer and shorter
wavelengths, respectively (30). At moderate to low spectral
resolutions, however, the band spectrum looks more like a single
line at the position of the Q branch (20, 31, 32).
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Fig. 1. Normalized SPICAV spectrum of the v’ = 0 progressions of the nitric
oxide C— Xand A — X nightglow on Venus (27) as digitized by us, and our best
fit with a synthetic spectrum produced with LIFBASE (28) at a rotational
temperature of 175 K. Both spectra are nearly undistinguishable on the scale
of the plot. For the fitting, the observational spectrum is split near 220 nm, so
that the 2 resulting partial spectra are allowed to shift in wavelength inde-
pendently. The synthetic spectrum is defined by 4 free parameters: (i) the
spectral resolution as given by the full width at half maximum, (ii)
the Lorentzian component of the Voigt profile used in the convolution of the
emission lines, and (iii and iv) the intensities of the 2 band systems. At the
resolution of the spectrum, the choice of temperature within the plausible
range 150-200 K (29) has no significant impact on the analysis. The best fit is
obtained upon minimization of the integrated quadratic residual of the
differential, i.e. observational minus synthetic, spectrum by means of a fully
automated multivariate minimization algorithm. A best estimate of 0.32 is
inferred for the ratio of the emission rate for A(0) — X(v") to the sum of the
emission rates for C(0) — X(v") and A(0) — X(v"). The emission rates for A(0) —
X(v") and C(0) — A(0) are equivalent for our situation. The bottom curve is the
differential spectrum, and its small magnitude shows the good agreement
between the observed and synthetic spectra. The high frequency fluctuations
in the differential spectrum are artifacts from the digital rendering of the
observed spectrum.

Estimates of the expected intensity of the C(0) — A4(0) band
on Venus may be derived from past and recent observations of
the C(0) — X(v") and 4(0) — X(v") progressions. The mono-
chromatic nadir observations of the C(0) — X(1) band made by
the Pioneer Venus Orbiter UV spectrometer (PVOUVS) found
average vertical column intensities of 400 Rayleighs (R) over a
56°S—82°N/19:00—04:00 latitude/local time region, or 460 R over
a reduced 60°S-66°N/20:00-02:00 region, with a particularly
intense patch of ~1.9 kR centered at 10°S/02:00 (33, 34). (The
Rayleigh is the conventional unit for airglow intensities. One
Rayleigh represents the emission of 10° photons per second from
within a column of cross section 1 ¢cm? into 4 sr) Using the
intensity ratios provided by LIFBASE (28), these observations
imply nadir intensities of 1.57, 1.80 and 7.45 kR for the entire
v' = 0 progression respectively. Further observations showed
that on average the UV nitric oxide nightglow intensity peaks at
~115 km and decreases with a scale height ~3 km toward higher
and lower altitudes (35). A nadir intensity of 1.5 kR for the
C(0) — X(v") progression implies a peak intensity for a limb-
viewing observation of ~75 kR and a peak limb-viewing inten-
sity of ~35 kR for the C(0) —A4(0) band. The latter assumes the
branching ratio of 0.32 derived above.

The SPICAV instrument on Venus Express makes limb
observations in the 180-300 nm region of the spectrum where
the C(0) — X(v") and A(0) — X(v") progressions occur. A recent
work (27) reported observations by SPICAV of the 2 UV
progressions from a few selected orbits between January and
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September 2007 at 6.1°N to 71.8°N latitude. The observed
vertical profiles of the line-of-sight integrated intensities for the
2 UV nightglow emissions show large variations in the altitude
at which the emission peaks, 95—132 km. The average peak
intensity summed over both progressions that they report is 32
kR, which implies the limb-viewing intensity of the C(0) —.A4(0)
band should be ~10 kR based on our inferred branching ratio of
0.32. These limb-viewing intensities are significantly smaller than
those inferred above from the PVOUVS nadir observations.
This difference is partly attributable to the reduced solar flux at
the time of the SPICAV observations compared to the time of
the PVOUVS observations, which reduces the rate of produc-
tion of nitrogen and oxygen atoms on the day side. More
importantly for the present work, the SPICAV observations also
indicate that episodic events occur, especially at nearly equato-
rial latitudes, when the total UV nightglow exceeds 400 kR,
possibly in response to dynamic events in the atmosphere. The
identification of the C(0) —A4(0) band in VIRTIS spectra should
be comparatively simple in such an event.

Positioned on the shoulder of the a(0) — X(0) band of
molecular oxygen, the detectability of the C(0) — A(0) band of
nitric oxide in the VIRTIS spectra will be determined by its
contrast against the typically stronger and highly variable oxygen
emission. To aid our identification of the nitric oxide emission,
we constructed a synthetic spectrum of the 6 spin-split P, O, and
R branches of the C(0) — A(0) band with the proper line
positions (30), rotational energy levels (36) and line intensities
(37). At the VIRTIS instrumental resolution of ~14 nm, ap-
proximately half of the total band intensity falls on the pixel that
contains the Q branch. Consequently, a C(0) — A(0) limb
intensity of 10 kR should appear in VIRTIS spectra as a 1-pixel
prominence of 0.7X10~* Wm~=2sr~! um~"

Detection of the Near-Infrared Nitric Oxide Nightglow

Descriptions of the Venus Express mission, the VIRTIS instru-
ment and some initial results have been given elsewhere (38—40),
and we refer the interested reader to those works for further
details.

The VIRTIS archive of calibrated data up to April 2008
contains 25 orbits, which each have a sizeable number of spectra
(=150 or more) with exposure times of 8 s probing the limb of
the planet at tangent altitudes of 112-118 km and local times of
20:00—04:00. These conditions provide the best opportunity for
detecting the C(0) — A(0) band. Some of these orbits comprise
multiple sessions during which the instrument observes contin-
ually and the observation data are stored to be subsequently
transmitted back to Earth. In the mission nomenclature, the orbit
is given by a 4-digit number, and the session is specified by 2 digits
following the orbit number. The limb-viewing mode is operated
near periapsis, which is near 75°N latitude for the highly eccen-
tric orbit of Venus Express, so there is good coverage of the
northern hemisphere but only limited access to the southern
hemisphere. Eight of the 25 orbits show evidence of nightglow
emission in the C(0) — A4(0) band when altitudes near 110 km
are probed. In all 8 cases, a narrow feature appears at the
appropriate wavelength.

The only other molecule besides nitric oxide that could
plausibly produce the observed emission is the hydroxyl radical.
A few bands of its Meinel system with upper vibrational levels
v = 1-3 were in fact recently reported in VIRTIS data (40) at
altitudes ~95 km, significantly lower than those investigated
here. The (7, 4) Meinel band has its origin near 1.21 wm so
emission in this band would appear at the same spectral position
in VIRTIS observations as the C(0) —A4(0) band of nitric oxide.
Correspondingly, the (7, 5) Meinel band has its origin near 1.88
pm. Various theoretical calculations of the transition probabil-
ities (41-44) indicate that the (7, 5) band is 4 to 6 times as intense
as the (7, 4) band. As a consequence, the absence of any
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Fig.2. Near-infrared spectra of session 0724_02 (14 April 2008). The position
of the nitric oxide C(0) — A(0) band is indicated by the dashed line at 1.224 um.
Estimates for the integrated limb intensity of the C(0) — A(0) band in kilo-
Rayleighs were determined by removing the underlying molecular oxygen
emission (see text). The stronger emissions centered at 1.27 and 1.58 um are
the molecular oxygen a(0) — X(0) and a(0) — X(1) bands, respectively. Esti-
mates for the integrated limb intensity of the a(0) — X(0) band are shown in
MegaRayleighs. The estimated ratio of intensities of the 2 oxygen bands is
63 *+ 6 (40). In limb viewing, VIRTIS records tens to hundreds of time-sequences
of slitwise-resolved spectra. Each spectrum is stored as an entry to a 2-index
array. The equivalent exposure time, texpo, is evaluated from the number of
entries added and the exposure time per spectrum (8 s), and gives a compar-
ative measure of the signal-to-noise ratios in the spectra.

discernible feature at 1.88 um in the spectra under investigation
rules out the possibility that we are seeing the Meinel system in
emission at 1.22 um.

The spectrum from session 0724_02 (14 April 2008) in Fig. 2
shows our best example of the near-infrared nitric oxide night-
glow in the upper atmosphere of Venus. The limb integrated
intensity varies with altitude, reaching a peak somewhere be-
tween 109 and 112 km. The trend is consistent with the mid-
dle-UV nitric oxide nightglow, a consequence of the optical
thinness of the atmosphere for all 3 nitric oxide emissions at
these altitudes. Other features apparent in some of the plots are
thermal emission from the lower atmosphere leaking through
the clouds in the 1.10 and 1.18 um windows, and subsequently
being scattered into the instrument and the a(0) — X(0) band of
molecular oxygen at 1.27 um. On the scale of the figure, the
thermal window at 1.74 um is barely discernible as a gentle
undulation. The oxygen a(0) — X(1) band at 1.58 um is readily
apparent below 115 km but is not detectable above.

Subtracting the underlying continuum by linear interpolation
between the 2 neighbouring pixels, single-pixel radiances in the
range 0.55 X 10-4-=4.41xX10~* Wm~2sr~! um~! are obtained for
the altitudes quoted in Fig. 2, which translate, according to our
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Fig. 3. Local time and latitude at the tangent point for the sessions refer-
enced in the present work. The observations in orbits 0713 (3 April 2008) and
0715 (5 April 2008) used a new tracking system that allows for monitoring a
fixed region of the atmosphere for a prolonged period.

earlier discussion, into limb intensities of 7.9-63 kR for the
C(0)—A(0) band. At its peak, this implies a total intensity for the
middle-UV nitric oxide nightglow of ~190 kR, significantly
larger than the average value inferred by SPICAV but smaller
than the 440 kR that SPICAV observed in orbit 0516 (27). It is
clear that session 0724_02 is an episodic event of highly enhanced
nightglow similar to those identified by SPICAV. Furthermore,
by constructing altitude-averaged composite spectra for se-
quences of local time/latitude in the orbit, we can confirm that
the nightglow is seen throughout the observation session, whose
track on a local time/latitude map is displayed in Fig. 3.

Fig. 4 shows spectra from orbit 0516, in which the C(0) —A(0)
band appears distinctly at somewhat lower altitudes than in orbit
0724. The inferred peak intensity in the UV is 108 kR, ~4 times
less than previously reported for this very orbit at an unspecified
location north of the equator (27). Factors such as the systematic
averaging of individual spectra and the inevitably crude estimate
of the C(0) — A4(0) band intensities at our instrumental reso-
lution may also contribute to the disparity between the SPICAV
and VIRTIS findings.
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Fig.4. Near-infrared spectrum of session 0516_02 (19 September 2007). The
position of the C(0) — A(0) band is indicated by the dashed line at 1.224 pum.
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A feature at 1.22 pum has also been identified for some
latitude-altitude combinations in orbits 0320 (7 March 2007),
0322 (9 March 2007), 0327 (14 March 2007), 0713 (3 April 2008),
and 0715 (5 April 2008), with estimated limb intensities ~10 kR.
A somewhat stronger peak limb intensity, ~20 kR, was observed
between 30°N and 50°N in orbit 0324. We note that, in the 4 of
these latter orbits which were before September 2007, SPICAV
detected the nitric oxide nightglow in the middle UV.

Conclusion

We report 2 unambiguous detections of the nitric oxide C(0) —
A(0) band nightglow at 1.224 um in the upper atmosphere of
Venus during orbits 0516 and 0724. This is the first reported
observation of this band in a planetary atmosphere. Its obser-
vation complements the C(0) — X(v") and A(0) — X(v")
progressions previously observed in middle-UV spectra of the
atmospheres of the Earth, Mars and Venus. The identification
has been greatly facilitated by the occurrence of episodes of
elevated nightglow emission at nearly equatorial latitudes. For
the comparison with PVOU VS and SPICAV measurements, we
determined a branching ratio of 0.32 for the ratio of the emission
rate for C(0) — A(0) to the sum of the emission rates for
C(0) = X(v") and C(0) — A(0) from a middle-UV spectrum of
the Venusian nightglow recently published. The information
available from observations of the C(0) —A4(0) band is the same

1. Fox JL (1992) in Airglow and aurora in the atmospheres of Venus and Mars, in Venus
and Mars: Atmospheres, ionospheres and solar wind interactions, eds Luhmann JG,
Tatrallyay M, Pepin RO (AGU, Washington, DC) pp 191-222.

. Cohen-Sabban J, Vuillemin A (1973) Ultra-violet nightglow spectrum from 1900 A to
3400 A. Astrophys Space Sci 24:127-132.

. Feldman PD, Takacs PZ (1974) Nitric oxide gamma and delta band emission at twilight.
Geophys Res Lett 1:169-171.

. Feldman PD, Moos HW, Clarke JT, Lane AL (1979) Identification of the UV nightglow
from Venus. Nature 279:221-222.

. Stewart Al, Barth CA (1979) Ultraviolet night airglow of Venus. Science 205:59-62.

. Bertaux J-L, et al. (2005) Nightglow in the upper atmosphere of Mars and implications
for atmospheric transport. Science 307:566-569.

. Barth CA (1964) Rocket measurement of the nitric oxide dayglow. J Geophys Res
69:3301-3303.

. Barth CA, et al. (1969) Mariner 6: Ultraviolet spectrum of Mars upper atmosphere.
Science 165:1004-1005.

. Callear AB, Pilling MJ (1970) Fluorescence of nitric oxide. Trans Faraday Soc 66:1618—
1634.

10. Benoist d’Azy O, Lépez-Delgado R, Tramer A (1975) NO fluorescence decay from
low-lying electronic states excited into single vibronic levels with synchrotron radia-
tion. Chem Phys 9:327-338.

11. Asscher M, Haas Y (1978) Two-photon excitation of nitric oxide to levels near and above
the dissociation limit. Chem Phys Lett 59:231-236.

12. Guest JA, Lee LC (1981) Quantitative absorption and fluorescence studies of NO
between 1060 and 2000 A. J Phys B Phys 14:3401-3413.

13. Cleary DD (1986) Daytime high-latitude rocket observations of the NO §, y, and & bands.
J Geophys Res 91:11337-11344.

14. Cleary DD, Gnanalingam S, McCoy RP, Dymond KF, Eparvier FG (1995) The middle
ultraviolet dayglow spectrum. J Geophys Res 100:9729-9739.

15. Torr MR, et al. (1995) Thermospheric nitric oxide from the ATLAS 1 and Spacelab 1
missions. J Geophys Res 100:17389-17413.

16. Meier RR (1991) Ultraviolet spectroscopy and remote sensing of the upper atmosphere.
Space Sci. Rev 58:1-185.

17. Young RA, Sharpless L (1962) Excitation of the B, v, §, and Ogawa bands of nitric oxide
in the association of atomic nitrogen and oxygen. Disc Faraday Soc 35:228-256.

18. Callear AB, Smith IWM (1964) Fluorescence of nitric oxide. Disc Faraday Soc 37:96-111.

19. Sun Y, Dalgarno A (1996) Infrared emission spectra of nitric oxide following the
radiative association of nitrogen atoms and oxygen atoms. J Quant Spectrosc Radiat
Transfer 55:245-249.

20. Groth W, Kley D, Schurath U (1971) Rate constant for the infrared emission of the
NO(C2I1 — A23*) transition. J Quant Spectrosc Radiat Transfer 11:1475-1480.

21. Sharp WE, Rusch DW (1981) Chemiluminiscence of nitric oxide: The NO(C2[1 — A23+)
rate constant. J Quant Spectrosc Radiat Transfer 25:413-417.

22. McCoy RP (1983) Thermospheric odd nitrogen. 1. NO, N(4S), and O(3P) densities from
rocket measurements of the NO & and y bands of the Oz Herzberg | bands. J Geophys
Res 88:3197-3205.

23. Scheingraber H, Vidal CR (1985) Fluorescence spectroscopy and Franck—-Condon-factor
measurements of low-lying NO Rydberg states. J Opt Soc Am B 2:343-354.

N

w

EN

[ ]

~

=

©

988 | www.pnas.org/cgi/doi/10.1073/pnas.0808091106

as that available from the C(0) — X(v") and A(0) — X(v") bands
but the C(0) — A(0) band intensity can be derived simulta-
neously with the intensity of the a(0) — X(0) band of molecular
oxygen from VIRTIS limb observations.

The infrared spectrum of the night-time upper atmosphere of
Venus is now known to be quite rich, with the nitric oxide and
molecular oxygen nightglow occurring at its short-wavelength
end. Both systems originate from the recombination of their
constituent atoms, the nitric oxide nightglow through inverse
predissociation and the molecular oxygen nightglow through
3-body recombination, but their emission rates peak at different
altitudes. The nitrogen and oxygen atoms consumed in these
recombination reactions are transported from the sunlit face of
the planet, where they are produced, to the night side. It is
obviously convenient to simultaneously monitor these 2 contig-
uous spectral features to help determine the mechanisms and
rates of transport, in the horizontal and in the vertical, of the
recombining atoms.
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